Abstract. In the present study a rat model of oval cell-mediated liver regeneration was constructed to examine the molecular mechanisms of matrine in oval cell-mediated liver regeneration and the effects of matrine on hepatic function and the expression of OV6 protein and recombination signal sequence-binding protein Jκ (RBP-Jκ) and HES1 mRNA. A total of 48 Sprague Dawley rats were equally and randomly assigned to two groups. The model group underwent oval cell-mediated liver regeneration, whereas the matrine group underwent oval cell-mediated liver regeneration and received oral gavage of matrine. Expression of OV6 protein was tested by immunohistochemistry and RBP-Jκ and HES1 mRNA expression was determined by reverse-transcription polymerase chain reaction. Recovery of hepatic function was faster in the matrine group compared with the model (P<0.05). OV6 protein, RBP-Jκ and HES1 mRNA expression levels were lower in the matrine than the model group (P<0.05). Matrine promotes oval cell-mediated liver regeneration through downregulation of the RBP-Jκ-HES1 signaling pathway.
Introduction
Oval cell-mediated liver regeneration has been a focus of hepatic stem cell studies in recent years. The liver has a notable regeneration capacity and under normal conditions damaged liver tissue is repaired through the proliferation of mature hepatocytes. When the ability of hepatocytes to divide and replace the damaged tissue is compromised, oval cells become activated. These cells then proliferate and differentiate into mature liver cells, thereby aiding liver regeneration. As a result, hepatic stem cell therapy is currently considered as a new approach to liver disease treatment (1) (2) (3) . However, the safe use of hepatic stem cells must also be considered due to the possibility of malignant transformation (4, 5) . Therefore, regulation of the activation and expansion of liver progenitor cells has also been analyzed. In addition, studies on pharmacologically effective agents from natural products associated with low toxicity have also been performed.
Matrine is one of the main alkaloid components extracted from the Sophora root and has a molecular formula of C 15 H 24 N 2 O (6). Studies have revealed that matrine protects the stability of liver cell membranes, inhibiting proliferation of mesenchymal cells and regulating satellite cells. In addition, the compound exhibits anti-inflammatory (7), antiviral (8, 9) , immunoinhibitory, antifibrotic (10) and antidiarrheal (11) effects. However, its role in oval-cell mediated regeneration remains unclear. Therefore, the aims of the present study were to determine the effects of matrine on liver regeneration and elucidate its molecular mechanisms.
The signals mediating cellular specification are produced by adjacent or distant cells and these signals are often received by the cell simultaneously. Experimental evidence has demonstrated that Notch receptors and ligands are required for mammalian development and growth in a number of organ systems, including the liver (12) (13) (14) . In particular, the Notch signaling pathway is key to regulating the differentiation of various stem cells. However, only a limited number of studies have been conducted on hepatic stem cells. Therefore, in this study, the potential role of Notch signaling in the regulation of oval cell-mediated liver regeneration was examined. An oval-cell mediated liver regeneration model was constructed and treated with matrine. In addition, the expression of recombination signal sequence-binding protein Jκ (RBP-Jκ) and HES1, key molecular components of the Notch signaling pathway in regenerated liver tissue, was determined. The results of the current study are likely to demonstrate the effects of matrine in the proper differentiation and growth of oval cells regulated by Notch signaling.
Materials and methods
Animal models. Male Sprague Dawley (SD) rats (weight, 200±20 g) were used. All procedues were performed in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal use protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Beijing Ditan Hospital (Beijing, China).
Male SD rats were randomly divided into two groups, model and matrine (both n=24). Rats were fed with pellet chow and provided access to water ad libitum. Rats were maintained in a temperature-controlled room with a 12-h light/dark illumination cycle. All rats received daily oral gavage of N-2-acetylaminofluorene (2-AAF; Sigma-Aldrich, St. Louis, MO, USA) at a dosage of 15 mg/kg for 1 week prior to and 2 weeks following partial hepatectomy (PH) to inhibit hepatocyte proliferation. The 2-AAF was dissolved in dimethyl sulfoxide (Sigma-Aldrich). The matrine group also received daily oral gavage of matrine (batch no. 110780-201012, China Drugs and Biological Products Inspection Institute, Beijing, China) at a dosage of 20 mg/kg. Matrine was reconstituted in distilled water. Following 1 week of daily gavage, all rats were anesthetized and two-thirds PH was performed by surgically removing the left and median liver lobes. No dosing was performed on the day of the surgery. Three rats from each group were sacrificed on days 1, 3, 7 and 14 following PH. Formalin-fixed and paraffin-embedded serial liver tissue sections (4 µm) were used for immunohistochemistry and reverse-transcription polymerase chain reaction (RT-PCR).
Survival rate test. The number of rats that survived in each group was counted on days 1, 4, 7, 10, 14 and 21 of analysis and the survival rate was calculated for each group.
Liver function test. Aminotransferase (ALT) and total bilirubin (TBil) levels, which reflect liver function, were tested on days 1, 4, 7, 10, 14 and 21 of analysis. Blood from the rats tails was used to test for ALT and TBil.
Immunohistochemistry. Paraffin sections of the formalin-fixed liver tissues were stained using a mouse monoclonal antibody against OV6 (MAB 2020; R&D Systems, Minneapolis, MN, USA), a marker of hepatic oval cells in ductular reactions. Tissue sections were rehydrated using descending concentrations of ethanol. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol. Tissues used for OV6 immunohistochemistry were microwaved to boiling for 15 min in 10 mmol/l Tris buffer and 1 mmol/l ethylenediamine tetraacetic acid (EDTA) at pH 9.0 for antigen retrieval. Following antigen retrieval, tissue sections were blocked with 10% normal serum from the donor species of the secondary antibodies for 15 min at room temperature and incubated with primary antibodies overnight at 4˚C. The ratio of anti-OV6 dilution was 1:10. Following rinsing with phosphate-buffered solution (PBS), the primary antibody was detected by incubation for 30 min with biotinylated rabbit anti-mouse immunoglobulin, rinsed further with PBS and incubated with horseradish peroxidase-conjugated streptavidin/biotin complex (85-9843, Histostain Plus kits; Zymed Laboratories Inc., Carlsbad, CA, USA). Peroxidase activity was developed with 0.05% diaminobenzidine and 0.03% H 2 O 2 . Finally, sections were counterstained for 5 min in hematoxylin, dehydrated using graded alcohol and then mounted under glass coverslips.
RNA isolation and RT-PCR.
Total RNA from fresh liver tissues of model and matrine groups was extracted with TRIzol according to the manufacturer's instructions at the beginning of the experiment and on days 7, 14 and 21. RNA (1 µg) was reverse transcribed to cDNA. The number of cycles corresponded to the mid-logarithmic phase for semi-quantitative PCR. Primers were then designed using GenBank sequences (Table I) . PCR amplification was performed using PCR Master Mix (Taqman, Takara, Dalian, China) according to the manufacturer's instructions. PCR products were analyzed via electrophoresis (Gel-Pro Analyzer Version 3.0; Media Cybernetics, Inc., Bethesda, MD, USA) on a 1.5% agarose gel. Results of the semi-quantitative PCR were expressed using the optical density ratio of the value of RBP-Jκ and HES1 to β-actin.
Statistical analysis. Data from at least three independent experiments were used for statistical analysis. All results are expressed as mean ± SD. Measurement data were analyzed using one-way analysis of variances and performed using SPSS v17.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Survival rate. The majority of rats had poor appetites, drank and exercised little and appeared dejected on days 1-3 following surgery. One week following PH the characteristics/behavior of the rats had almost returned to those observed prior to surgery. Wounds were re-sutured to ensure improved healing in 3 and 2 rats from the model and matrine groups, respectively. The same number of rats from each group died 1 week following surgery. The survival rates of the model group on days 1, 4, 7, 10, 14 and 21 of analysis were 100, 95, 90, 85, 85 and 85%, respectively, whereas those of the matrine group were 100, 100, 90, 90, 90 and 90%, respectively. No statistically significant difference was observed between the survival rates of the two groups (Fig. 1) .
Liver function recovery. Rats from the model and matrine groups were observed to exhibit the most serious liver impairments at day 1 and 3 following surgery. Liver slowly recovered at day 7 and appeared almost normal by day 14. Compared with the model group, lower ALT and TBil values on days 7, 10, 14 and 21 were identified in matrine rats, indicating that matrine may aid repair of the impaired liver and protect liver function during liver regeneration (Table II) .
Proliferation of oval cells. Oval cells were found in the ductular area on day 1 following PH. Compared with mature hepatocytes, oval cells were observed to exhibit reduced volume, higher ratios of nucleus to cytoplasm, round-or oval-shaped nuclei and antibody OV6 expression. The number of oval cells increased with time. OV6-expressing cells were found to be distributed along the ductular to the parenchymal regions of the liver on days 3-7. Cell numbers peaked at day 7 and then decreased. A marked decrease was noted at day 14 following surgery, however, OV6-expressing cells were noted only in the ductular region. Compared with model, fewer OV6-expressing cells were identified in the matrine group (Figs. 2-5 and Table III) .
RBP-Jκ mRNA and HES1 mRNA expression. RBP-Jκ and HES1 mRNA expression was analyzed on days 1, 7, 14 and 21 of analysis. Expression peaked at day 7 of the experiment (one day following PH) and decreased over time in the model group. On day 1 of the experiment, no significant difference Table II . Liver function of model and matrine groups. ------------------------------------------------------------------------------------------------------- was observed between RBP-Jκ and HES1 mRNA expression of the model and matrine groups. By contrast, on days 7, 14 and 21 of the experiment, a significant difference was found in RBP-Jκ and HES1 mRNA expression between the groups (P<0.05). The matrine trial group experienced a larger decrease in expression levels (Figs. 6 and 7) .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Discussion
Damaged liver tissue is mainly rebuilt through the proliferation of mature hepatocytes and extracellular matrix. However, the ability of the liver to regenerate becomes compromised if it suffers excess damage or if the proliferation process of hepatocytes is blocked. Oval cell activation and proliferation serve as sources of tissue repair and cell replenishment, aiding liver regeneration. The proliferation and differentiation of oval cells to mature hepatocytes and cholangiocytes occurs in a specific micro-environment of extracellular matrix and defined signaling pathways. Therefore, it is not only difficult to determine the mechanisms of proliferation and differentiation of oval cells, but also which drugs induce differentiation. These are the two main issues in the study of liver stem cells (14) .
In the present study, proliferation and differentiation of oval cells in oval cell-mediated liver regeneration in 2-AAF/PH rat models was analyzed. The proliferation of mature hepa- tocytes was inhibited by 2-AAF. Activation, proliferation and differentiation of oval cells occurred shortly following removal of two-thirds of the liver. An oval cell-mediated liver regeneration model was successfully constructed and the survival rate of the rats was >85% in the model and matrine groups. No statistically significant difference in survival rate was identified between the groups. Bleeding and serious infections were minimized during the surgical procedure, leading to improved recovery rates in the majority of the rats, therefore verifying the high regenerative ability of the liver. Changes in liver function were also analyzed and ALT and TBil were observed to alter over time. The results demonstrate that ALT and TBil levels in the model group were increased at day 1 following surgery, peaked at day 3 and then decreased at day 7. Compared with the model group, the trial group exhibited improved liver function on days 1, 3, 7 and 14, particularly on days 3 and 7.
Results indicate that matrine may aid liver damage recovery, consistent with previous studies. The mechanism by which matrine mediates this function may be associated with its ability to clear free radicals and induce the chondriosome drug metabolism enzyme of hepatocytes (10, 11) . The current study indictates that matrine regulates oval cell-mediated liver regeneration through its effects on specific signaling pathways that implement this mechanism.
In this study, proliferation of oval cells was revealed to occur in accordance with the recovery of liver function during regeneration of liver. Results indicate that liver function was most impaired at days 3 and 7 following surgery, whereas oval cell proliferation was the highest at day 7. The proliferation of oval cells decreased following the recovery of liver function. Compared with the model, the matrine trial group exhibited a reduced number of proliferating oval cells on days 3, 7 and 14, indicating that matrine inhibits the excessive proliferation of oval cells. When proliferation of mature hepatocytes was blocked, oval cells were induced to proliferate and differentiate in response to the inhibition. During the process of oval cell-mediated liver regeneration, matrine inhibited excessive proliferation of oval cells, enabling regeneration of liver tissue and the recovery of liver function to proceed normally. The mechanism of the effects of matrine on oval cell-mediated liver regeneration remains to be studied. In addition, it remains unclear whether matrine directly induces oval cells to differentiate into mature hepatocytes to repair the damaged liver tissue or whether it affects differentiation, migration and proliferation indirectly by regulating the extracellular matrix of the microenvironment (15, 16) .
The Notch-RBP-Jκ signaling pathway is important for maintenance of the characteristics and cell fate specification of various types of stem cells. Alteration of signaling pathway activity or unregulated expression of its ligands and receptors is associated with specific diseases. RBP-Jκ is a key protein of the Notch signaling pathway, and as a kind of DNA combination protein, it is combined with specific DNA sequence to induce gene priming (17, 18) . A number of studies have demonstrated that upregulation of Notch signaling inhibits embryo stem cells from differentiating into a number of specialized cell types, including neural and insulin B cells (19, 20) . With respect to liver stem cell regulation, previous studies have reported high expression of Notch-1 protein in bone mesenchymal stem cells and that this expression decreases following bone mesenchymal stem cell differentiation into mature hepatocytes (21, 22) .
Results of the present study are in agreement with those obtained in previous studies. Serious damage to the liver led to proliferation of a large number of oval cells, accompanied by upregulation of RBP-Jκ and HES1 mRNA expression in the liver tissue. As the liver was repaired, proliferation of oval cells decreased and expression of RBP-Jκ and HES1 mRNA was downregulated, indicating that upregulation of RBP-Jκ and HES1 mRNA is a pivotal process during stem cell maintenance of oval cells. Compared with model, the matrine group was identified to express low levels of RBP-Jκ and HES1 mRNA on days 1, 7 and 14 following surgery, indicating that downregulation of the Notch-RBP-Jκ signaling pathway is closely associated with oval cell-mediated liver regeneration.
The current study demonstrates that matrine inhibits excessive proliferation of oval cells, protects liver function and promotes liver regeneration through downregulation of the Notch-RBP-Jκ signaling pathway. These results are consistent with the hypothesis that Chinese medicine may contribute to advancement of liver regeneration. However, there may be more signaling pathways involved in this procdure. Therefore, additional studies should be performed.
